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Certain synthetic, anionic clays. after a carefully controlled heat activation, have been shown to 
promote a wide variety of base catalyzed reactions such as aldol condensations. oxirane polymer- 
izations, carbon-bound H-D exchange, and lactone polymerizations. The changes which take place 
during the heat activation of such a synthetic, anionic clay mineral, hydrotalctte (Mg,AIZ(OH),, 
(C03) 4HzO), have been studied by ‘7AI nuclear magnetic resonance-magic angle spinning, Auger 
and XPS spectroscopy, transmission electron microscopy, and high resolution nitrogen desorption 
techniques. The heating of this material (to -450°C) results in the loss of interstitial water, carbon 
dioxide, and dehydroxylation until a catalytically active material analyzing approximately as Mg, 
AIZ08(0H)2 remains. This heating does not cause a change in the crystal morphology nor in 
exfoliation of the layered structure. Instead, numerous fine pores (20-40 A radius) form perpendic- 
ular to the crystal surface from which the gases vent. This is accompanied by an increase in the 
surface area from about 120 to about 230 m’ig (NJBET) and a doubling of the pore volume (0.6 to 
I .O cm?/g, Hg intrusion). The bulk aluminum changes from all octahedral to about 20% tetrahedral- 
80% octahedral. Auger spectroscopy did not appear to indicate changes in the surface aluminum 
environment. The X-ray powder pattern changes from that of a diffuse hydrotalcite to a very poor 
magnesium oxide pattern. 

INTRODUCTION 

The preparation of catalysts frequently 
involves heating (“roasting”) of a precipi- 
tate or an impregnated support. In recent 
years it has become possible to probe the 
detailed changes which take place during 
these procedures. This report discusses the 
various changes which occur when a partic- 
ular anionic clay mineral (hydrotalcite Mgh 
A12(OH)i6(C03) * 4H20) is heated in order 
to render it catalytically active. These 
heated clays have been found to be cata- 
lysts for base catalyzed reactions such as 
aldol reactions (I, 2), olefin isomerizations, 
H-D exchange on certain hydrocarbons (2), 
propylene oxide (3), and p-propiolactone 
(4) polymerizations. 

The structure of hydrotalcite [Mg,Alz 
(OH)i6(CO:-) . 4H20] consists of brucite- 

’ To whom correspondence should be addressed. 

like, positively charged layers of magne- 
sium and aluminum hydroxide octahedra 
sharing edges and has interstitial carbonate 
anions to charge compensate. Water mole- 
cules are also between the metal hydroxide 
layers (5). The thermal decomposition of 
this mineral has previously been studied by 
Miyata (6, 7), and Rouxhet and Taylor (8). 
Below 2Oo”C, only interstitial water was 
lost reversibly; between 250 and 450°C both 
carbon dioxide and further water from the 
dehydroxylation were lost. This reaction 
was also reversible, provided the upper 
temperature did not exceed 550-600°C. It 
was also found that there was only a mod- 
est expansion of the surface area and that 
both acidic and basic centers had formed on 
heating (7). 

In this investigation it was of particular 
interest to discover what changes in the 
crystal morphology, the metal coordination 
number, and the bulk and surface composi- 
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FIG. 1. Transmission electron micrograph of hydrotalcite. (A) 65°C crystallized, (B) 200°C crystal 
lized 
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FIG. 2. Changes in properties on thermal decomposition of hydrotalcite (65W18 hr crystallized). 

tion had taken place on heating synthetic 
hydrotalcite. 

EXPERIMENTAL 

Preparation of Mg-Al-CO3 hydrotalcite. 
A solution of 256 g Mg(NO& . 6H20 (1.00 
mole) and 187.5 g AhNO& * 9H20 (0.50 
mole) in 700 ml distilled water was added to 
a solution of 280 g, 50% aq. NaOH (3.50 
moles), 100 g Na2C03 (anhydr. 0.943 mole) 
in 1000 ml distilled water. The addition took 
about 4 hr and was carried out with vigor- 
ous agitation at or below 35°C. Following 
the addition, which resulted in a heavy 
slurry, the flask contents were heated at 65 
-C 5°C for about 18 hr with good mixing. 

The slurry was then cooled to room temper- 
ature, filtered, and washed until the sodium 
content of the resulting solid was below 
0.1% (dry basis). The solid was dried 
(125”C/vacuum/l8 hr) resulting in 100-120 
g of a white powder. The X-ray powder pat- 
tern of this is that of hydrotalcite; the peaks 
are relatively broad due to the small crystal 
size. Anal. found: ash, 57.39; Mg, 35.34; 
Al, 17.72; Na, 0.006; N, 0.012; C, 2.50. Cal- 
culated for Mg,A12.2s(OH)~~.~~(C0:-)1.14 . 
6H,O; ash, 58.38; Mg, 38.51; Al, 16.26; C, 
2.11 (Mg and Al on ashed basis). The crys- 
tal size and perfection depend upon the 
time and temperature of crystallization. 
Thus, at 65YY18 hr very imperfect laminar 
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FIG. 3. Changes in surface composition during ther- 
mal decomposition of hydrotalcite (6X/18 hr crystal- 
lized) (atom/mole%). 

particles were obtained (transmission elec- 
tron micrograph TEM, Fig. 1A); at 200°C 
18 hr (under pressure) well developed hex- 
agonal crystals were produced (Fig. IB). 

Heat treatment of hydrotalcite. One- 
gram samples of the 65”C/l8 hr crystallized 
hydrotalcite were heated in air at the re- 
quired temperature for 12-18 hr in a small 
muffle furnace. Total carbon was deter- 
mined by combustion/adsorption. The BET 
surface areas were detemined by standard, 
multipoint techniques; mercury intrusion 
was used for the pore volume determina- 
tions. 

DISCUSSION 

Figure 2 illustrates some of the changes 
which take place on heating to 450-500°C. 
The weight loss of the hydrotalcite (65°C 18 
hr crystallization time) takes place in two 
stages, as found by others (7, 8). Interstitial 
water is lost up to 3OO”C, followed by the 
loss of water due to dehydroxylation as 
well as of carbon dioxide (carbon analyses, 

Fig. 2). X-Ray photoelectron spectroscopy 
(XPS) shows a pronounced decrease in sur- 
face carbonate between 300 and 350°C (Fig. 
3; XPS readily distinguishes CO:- from typ- 
ical surface hydrocarbon). By 550°C no 
CO:- is detected by XPS on the surface of 
the hydrotalcite decomposition product. 
The reason(s) for the fairly large changes in 
the surface Mg/Al ratio is not clear. The 
decrease in this ratio on heating to 300°C 
followed by a modest rise above this tem- 
perature suggests that some form of reor- 
ganization of the surface is taking place 
which involves not only the magnesium and 
aluminum ions, but also the loss of intersti- 
tial water followed by dehydroxylation-car- 
bon dioxide expulsion. The surface area 
and pore volume both increased (Fig. 2), 
the former from about 120 to 220 m?/g after 
heating, the pore volume from 0.6 to 1.0 
cm3/g. Similarly, the surface area of a hy- 
drotalcite crystallized at 2OOW18 hr in- 
creased from 13.9 to 19.4 m2/g on heating to 
450°C (not shown in Fig. 2). A calculation 
based on the geometry of Fig. 1B crystals 
results in a 12 m2/g external surface area (vs 
13.9 m2/g measured). This demonstrates 
that there is little internal surface area in 
these crystals. The decomposition of hy- 
drotalcite could involve a delamination of 
the individual layers of metal oxide octahe- 
dra, very similar to the exfoliation of ver- 
miculite or a mechanical peeling apart of 
mica crystals. An extensive delamination 
of this structure should raise the mea- 
sured surface area by a factor of 5-10, far 
more than the observed increase. The 
TEM of the hydrotalcite (2OO”C/18 hr 
crystallized) heated to 450” (Fig. 4) shows 
that the particle morphology has been 
retained and an edge-on view (not shown) 
shows no increase in crystal thickness. 
Therefore, delamination cannot be a mech- 
anism for the hydrotalcite decomposition. 
A closer examination of Fig. 4 shows that 
the crystal surfaces are pock-marked and 
cratered, as compared to the smooth sur- 
face of the unheated hydrotalcite (Fig. I B). 
This suggests that the exiting steam and 
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FIG. 4. TEM of hydrotalcite (2OOW18 hr crystallized + 450°C heated). 

carbon dioxide escaped through holes in 
the crystal surface which then appear as 
small, fairly regularly spaced craters. This 

200 
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FIG. 5. Pore surface area (m2/g) vs pore radius (A) 
(hydrotalcite 65W18 hr crystallized). 

escape mechanism explains the relatively 
small increase in the surface area on heat- 
ing. It appears that the interlaminar forces 
in hydrotalcite are sufficiently strong, even 
during heating, so that interstitial venting is 
not possible. 

This cratering theory is further supported 
by nitrogen pore volume measurements and 
surface areas calculated from this data (N? 
desorption isotherms). Figure 5 is a plot of 
the unheated hydrotalcite pore surface area 
against pore radius (of 65W18 hr crystal- 
lized hydrotalcite) and is compared with the 
same hydrotalcite sample after heating to 
45OW18 hr. The former shows only a 
broad range of pores in the range 7.5-300 A. 
The heated sample adds to this numerous 
pores in the region 20-40 A. Clearly, heat- 
ing has resulted in numerous fine pores 
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FIG. 6. X-Ray powder patterns of hydrotalcites 2OOTi18 hr crystallized. 

which collectively constitute about 60% of drotalcites. The high temperature prepara- 
the surface area. tion yields a product which has intense and 

In Fig. 6 are the X-ray powder patterns of very sharp diffractions while the 65°C crys- 
65W18 hr and 2OOW18 hr crystallized hy- tallized material has a relatively broad and 

65"C/18 hr CRYSTALLIZED 

---WFLLA- 
2x 32 36 *0 kk 98 60 64 76 IO 

DEGREES 2 0 

2o0°c/18 hr CRYSTALLIZED 

-----ALA- 
32 36 k0 54 w 60 61 76 80 

DEGREES 2 0 

FIG. 7. X-Ray powder patterns of heated (450°C) hydrotalcites. 
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FIG. 8. I’AI mass-NMR spectrum of (A) hydrotal- 
cite (65Wl8 hr crystallized), (B) hydrotalcite (65W18 
hr crystallized +45O”C heated), (C) gibbsite AI(O 

diffuse pattern. On heating to 450°C (Fig. 7) 
both yield products which have very broad, 
diffuse, and weak diffractions of magne- 
sium oxide. 

Solid state 27A1-NMR MAS (nuclear mag- 
netic resonance-magic angle spinning) 
spectroscopy was also used to examine the 
nature of the hydrotalcite decomposition 
product (45oOC heated). Figure 8A is the 
spectrum of the hydrotalcite crystallized at 
65”C/18 hr (unheated) and shows, as ex- 
pected, a single resonance (+lO ppm) due 
to octahedral aluminum. After the sample 
was heated to 45O”C, a shoulder developed 
(Fig. 8B) at +75 ppm which is due to tetra- 
hedral aluminum (9, IO). The third spec- 
trum is that of gibbsite [Al(OH)J, which is 
exclusively octahedral aluminum hydrox- 
ide (Fig. 8C). The tetrahedral aluminum 
content of a hydrotalcite (65”C/18 hr crys- 
tallized) thermally decomposed at 450°C is 
thought to be less than 20%. Accurate 
quantification of the tetrahedral aluminum 
content by NMR was complicated by the 
presence of fairly intense spinning side 
bands (ssb); however, the presence of low 
concentrations of Td aluminum is confirmed 
by NMR. Since this is a bulk measurement, 

an attempt was made to examine the coor- 
dination of the surface aluminum by mea- 
suring the modified Auger parameter of alu- 
minum using XPS. 

Recent work of Wagner and co-workers 
(11) has demonstrated that the modified 
aluminum Auger parameter, a;\,, can dis- 
tinguish aluminum in Oh and Td environ- 
ments (a’ = EK~uger - KEphotoe~ectron + 

E S,,urce energy). Table 1 summarizes the results 
for unheated and heated hydrotalcite and 
some selected reference compounds. The 
& values for the unheated and the heated 
hydrotalcite samples do not differ apprecia- 
bly from each other nor are they in concor- 
dance with the C&I values of octahedral or 
tetrahedral models of known structures. 
This may be due to the fact that the results 
of Wagner (11) are from aluminum silicates 
and aluminum oxides and hydroxide which 
are inappropriate reference compounds. 
The true effects of Mg*+ on the CY’ of alumi- 
num are not known at this time. 

In summary, hydrotalcite on heating 
(450°C) appears to lose its water and carbon 

TABLE I 

Aluminum XPS and Auger Parameter Data 

Sample A&P (Y’AI Reference 

Octahedrally coordinated aluminum 
(Y-AIZO~ 73.85 1462.09 (II) 
a-Al203 73.72 1461.55 (II) 
AI( gibbsite 74.00 1461.43 (II) 
AI( gibbsite 74.3 1461.3 This work 
60°C crystallized 74.2 1460.6 This work 

hydrotalcite 
200°C crystallized 74.0 1460.9 This work 

hydrotalcite 

Tetrahedrally coordinated aluminum 
Na-A zeolite 73.6 1460.53 (II) 
Albite 74.34 1460.81 (11) 
Natrolite 74.25 1460.78 ifi) 
Na-X zeolite 74.13 1460.38 (II) 
60°C crystallized and 73.7 1461.0 This work 

450°C heated hydro- 
talcite 

200°C crystallized and 73.4 1461 .O This work 
450°C heated hydro- 
talcite 
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dioxide by a cratering mechanism (vent 
holes in the crystal surface) rather than by 
exfoliation of the metal oxide layers. This is 
in line with only a modest increase in sur- 
face area, a retention of the crystal mor- 
phology, the appearance of pockmarks on 
the crystal surface, and numerous fine 
pores which are in the range 20-40 A. Spec- 
troscopic techniques show that only a small 
portion of the total aluminum is converted 
to a tetrahedral metal oxide, possibly resid- 
ing on the surface. 
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